We analyzed the genomic P elements of 57 wild-derived Drosophila melanogaster isofemale lines from Africa, Australia and Asia. All carried many P sequences per genome, and the full-size P and the internally deleted KP elements were very common or predominant in the populations. The genomic content of full-size P and KP elements does not correlate well with the P transposition-inducing and -repressing abilities of a line. Our results show that a large majority of type I repressor elements are full-size P elements, and almost all type II repressor elements are KP elements in the natural populations of D. melanogaster from these parts of the world.
INTRODUCTION
P transposable elements are the causative factor of P-M hybrid dysgenesis in Drosophila melanogaster O'Hare and Rubin, 1983 ; for review see Engels, 1996) . P elements are thought to have been recently introduced into D. melanogaster from D. willistoni by horizontal transmission (recent-invasion hypothesis: Kidwell, 1983; Kidwell et al., 1983; Anxolabéhère et al., 1988; Daniels et al.,1990) . Full-size P elements encode both the 87 kDa transposase and the 66 kDa repressor protein, the mRNAs of which differ by alternative splicing. P transposition is limited to the germ line, as transposase is only made in the germ line cells (Karess and Rubin, 1984; Rio et al., 1986; Laski et al., 1986) . The repression ability of a genome is sometimes called P cytotype, as it often has a maternal effect component (Engels and Preston, 1980) . Full-size P elements and those with specific deletions involving intron 3 are called type I repressor elements (Gloor et al., 1993) because of encoding the 66 kDa repressor or its equivalent. Smaller elements with larger deletions, such as the KP element, are thought to be Type II repressor elements, based on laboratory demonstrations of the repressor ability of such elements (Black et al., 1987; Andrew and Gloor, 1995) .
Despite descriptions of the properties of different size classes of P elements, surveys of wild populations have shown that P element-related phenotypes, P transposition-inducing and -repressing abilities, of individual flies or lines are not determined only by the numbers of each type of element in the genome (Todo et al., 1984; Anxolabéhère et al., 1985 Anxolabéhère et al., , 1988 Anxolabéhère et al., , 1990 Biémont et al., 1990; Ronsseray et al., 1991; Bonnivard and Higuet, 1999; Itoh et al., 2001 ). In the P-M system, fly lines can be classified by their phenotypes into three types: P strains with both of P transposition-inducing and -repressing abilities; Q strains with repressing ability; and M strains with neither (Kidwell, 1977; Kidwell et al., 1979 ). An M strain having some P sequences in the genome is called M ' strain to distinguish it from "true M " strains that completely lack P elements (Bingham et al., 1982) . Boussy, Itoh and coworkers extensively studied Eastern Australian wild populations and found only weak correlations between the genomic P element composition and the phenotype of strains, and no correlation with maternally-or strictly biparentally-transmitted repression (Boussy and Kidwell, 1987; Boussy et al., 1988 Boussy et al., , 1998 Itoh et al., 1999) , suggesting a large role of position effect on the expression of individual elements (Misra et al., 1993; Andrew and Gloor, 1995) . They also found that full-size P and KP elements predominated in all populations sampled. To extend this observation to other regions, we examined wild D. melanogaster genomes from three different continents. Our results show that a large majority of type I repressor elements are full-size P elements, and almost all type II repressor elements are KP elements in natural populations of D. melanogaster from these parts of the world. (Begun and Aquadro, 1993; Wu et al., 1995; Hollocher et al., 1997) . Thirteen isofemale lines from various localities along the east coast of Australia were collected in 1991-1994 (Boussy et al., 1998) . Nine isofemale lines from Japan were established from Katsunuma (KN; ° N Lat. 35.6, ° E Long. 138.8) in 1996 and nine more from Fukui (FK; ° N Lat. 38.0, ° E Long. 136.2) in 1999. Flies were maintained on standard medium at 25 ° C except during the crosses of GD tests (see below).
MATERIALS AND METHODS

Flies
Gonadal dysgenesis (GD) tests
With Harwich and Canton S as P and M standards, respectively, two kinds of crosses, A (Canton S females x tested males) and A* (tested females x Harwich males), were performed at 29 ° C Engels and Preston, 1980) . All F 1 females were individually dissected and the GD score for each line was calculated as the percentage of undeveloped ovaries. More than 50 F 1 females were dissected for each cross.
DNA blots Genomic DNA was extracted from 20 female flies following standard procedures (Maniatis et al., 1982) . The restriction enzyme Dde I digests full-size P elements at positions 586 and 2762, to generate an internal 2.18 kb fragment, and KP elements at positions 586 and 1009, to generate a 0.42 kb fragment (Fig. 1) . A double-digestion of Alw 44 I and Sca I generates a 2.56 kb fragment from full-size elements and a 0.81 kb fragment from KP elements, as Alw 44 I cuts both full-size P and KP elements at position 68 and Sca I cuts the former at position 2627 and the latter at position 739. Bam H I digestion generates DNA fragments containing each genomic P element with flanking genomic sequences at both sides, as there is no internal restriction site for Bam H I in P element sequences. Electrophoresis of about 4 µ g of digested DNA was performed in 1% agarose gels, and DNAs were capillary blotted onto nylon membranes. In order to generate equal density bands from different size P elements, short probes internal to the expected restriction fragments, pDBs189 and pAX660, were used. To detect all P elements as well as the DNA sequence of the region 17C, a Bam HI-Bsi WI 1.8 kb fragment of p π 25.1, p π BBs1.8, was used as a probe (Fig. 1) . Scanning densitometry was performed by rendering the autoradiographs of the Southern blots as TIFF files, then analyzing the images with public domain image analysis software (NIH Image ver. 1.60).
RESULTS
African lines
Genomic P compositions of 26 isofemale lines from three localities of Africa were examined by Alw 44I and Sca I digest and two internal probes, pDBs189 or pAX660 (see Fig. 1 ). In this double digest, full-size P elements should be detected as a band of 2559 bp and KP elements as a band of 806 bp. All isofemale lines were shown to carry many P element copies in their genomes (Fig. 2a) . The autoradiograph also demonstrated that the 2.6 kb and 0.8 kb bands were the major signals, which suggests that most P elements were full-size P or KP elements in these African populations. There were no obvious differences between "Z-type" lines (those partially isolated from "normal" D. melanogaster ) and other lines. Although one line that had no 2.6 kb band, LA47, was classified as M ' (Table 1) , in general there was no obvious relationship between the P-M phenotypes (P transposition-inducing and -repressing abilities) and genomic P element composition.
To exclude the possibility that the pDBs189 probe could not detect many copies of defective P elements that lack the nucleotide sequence homologous to the probe (canonical positions 586-775), we re-hybridized the same membrane with a 5' sequence P probe, pAX660, that should detect elements carrying sequence from canonical positions 50-727. This 5' region should be present in most P elements, as much of it is required for transposition. Only a few signals were newly detected (Fig. 2b) . Thus, the pDBs189 probe missed very few P elements, and our use of the small internal probe to evaluate the P element composition is vindicated for these lines, and likely for others.
Australian lines Genomic DNAs from each of the Australian isofemale lines were digested with Dde I and * The copy number of genomic P elements in each lines was calculated from the relative intensity of the hybridization signal to that of Hawich, in which approximately 40 copies of P elements were reported (Bingham et al., 1982) . Data were standardized for the amount of DNA loaded by comparing with the 1.8Kb signal for 17C genomic sequence.
probed with an internal P element probe, pDBs189 (Fig.  3a) . All lines showed hybridization signals, and most fragments were 2.2 or 0.4 kb. The 2.2 kb band represents full-sized P elements, whereas the 0.4 kb band represents KP elements, as shown in Fig. 1 . Few signals with length between 2.2 and 0.4 kb (or outside this range) were found. Bli6 had no 0.4 kb band and CR3 had no 2.2 kb band. Except for these two, all lines had both fullsize P and KP elements, and these size classes were the predominant P elements in these genomes. The lines differed in both their P element transposition-inducing and -repressing abilities (Table 2) .
To compare the total copy number of P elements in their genomes, the genomic DNA was digested with BamHI and hybridized with the pπBBs1.8 fragment, which can detect genomic P elements as well as the genomic 17C sequence (Fig. 3b) . The 17C sequence was detected as a 1.8Kb band in all lanes containing the standard M strain, Canton S. Presumable copy numbers of genomic P elements were estimated based on the relative strength of the hybridization signals (Table 2 ). There were comparable numbers of genomic P elements among P, Q, and M' strains in the natural populations of D. melanogaster. The number varied from 50% to 115% of that of Harwich.
Japanese lines Eighteen isofemale lines from two Japanese localities were analyzed by DdeI digest and with the pDBs189 probe (Fig. 4) . P elements were detected in all isofemale lines. In their genomes, 2.2 kb and 0.4 kb signals were strongest, suggesting a predominance of fullsized P and KP elements in Japanese populations of D. melanogaster. There was no essential difference in the signal patterns between Q and M' strains. The FK7 isofemale line uniquely showed no full-size P element, which was consistent with no inducing ability (0% GD sterility in the F1 females from the cross A, Canton S x FK7) as shown in Table 3 .
DISCUSSION
P elements are ubiquitous in wild populations of D. melanogaster Our present result shows many copies of P elements in all genomes of wild D. melanogaster from Africa, Australia, and Japan. Many other surveys of P sequences have been carried out in North and South American (Anxolabéhère et al., 1988) , Eurasian (Anx- Fig. 4 . P elements in the genomes of isofemale lines from Japan. Genomic DNA was digested with DdeI and probed with pDBs189. Harwich (Hw) was used as a standard P line and Canton S (Cs) as a standard M line. FK: Fukui, KN: Katsunuma. , 1985; Biémont et al., 1990; Bonnivard and Higuet, 1999) , Asian (Todo et al., 1984; Gamo et al., 1990; Paik et al., 1992; Itoh et al., 2001) , Australian (Boussy et al., 1988; Anxolabéhère et al., 1990; French et al., 1999; Itoh et al., 1999) , and African (Anxolabéhère et al., 1988; Bonnivard and Higuet, 1999) wild populations, all with the same result. Such an ubiquitous distribution of P elements is thought to be best explained by the recent invasion hypothesis (Kidwell, 1983; Kidwell et al., 1983) , according to which P elements invaded the D. melanogaster genome by a horizontal transmission event, perhaps about 1940 in the Americas, and subsequently spread world-wide. The ZS and ZH lines from Zimbawe have as many P element copies in their genomes as do other D. melanogaster populations, although they are partly sexually isolated from such populations, and show significant differentiation at the DNA level (Begun and Aquadro, 1993) and extensive divergence in sexual preference (Wu et al., 1995; Hollocher et al., 1997) . This is clearly consistent with the sexual isolation's being only partial, and with the well-documented infectivity of P elements.
Full-size P and KP elements are the two major P element classes In the present study, KP elements were usually accompanied by full-size P elements, and these two size classes were predominant in all populations, although a few isofemale lines lacked one or the other size class. Black et al. (1987) found more than 30 copies of the KP element in a Russian strain, Krasnodar. They also found many KP elements in seventeen other strains, of which ten came from Eurasia, four from the Americas, two from Australia, and one from Africa. Thereafter, Jackson et al. (1988) found KP elements in the genomes of other twelve strains from Europe, Australia, America and Africa (the line named Suchumi was misdescribed as from Japan; what is probably the same line (M. S. Jackson, personal communication) in the European Drosophila Stock Center, Umeå, is listed as from Czechoslovakia, 1964, but probably was collected in Suchumi, Georgia, prior to 1964 (K. Ekström and A. Rasmuson-Lestander, personal communication)). Accordingly, KP elements existed in natural populations in Europe, Russia, the Americas, Australia, and Africa by the end of the 1980s, although ten (Black et al., 1987) and three (Jackson et al., 1988) strains from various localities with no KP elements were also reported. In the present study, we note that KP elements are very common in the genomes of wild D. melanogaster from the mainland of Japan as well as from Australia and Africa.
The predominance of full-size P and KP elements (FP+KP) can be also found in previous reports on flies from Eurasia, the Americas, Africa, and Australia (Boussy et al., 1988; French et al., 1999; Bonnivard and Higuet, 1999; Itoh et al., 2001 ). Australian populations have been particularly studied. Of 293 isofemale lines from 45 localities examined, only eight lines (2.7%) lacked full-size P and four lines (1.4%) lacked KP elements; thus FP+KP predominance was seen in 96% of the lines (Itoh et al., 1999) . Another line of evidence for FP+KP predominance comes from a molecular study by Nitasaka and Yamazaki (1994) , who isolated all genomic P elements from three genomes from a natural population of Japan and found more than one copy each of full-size and KP elements in all three genomes examined. A single detailed analysis of a North American strain, π2, found seven complete P and two KP elements in its genome, but also 19 other defective P elements (O'Hare et al., 1992) . This result, and results from Southern blot analyses, suggest that North American flies may differ from those in much of the rest of the world in the relative proportions of complete P and KP elements, and in the prevalence of other internally deleted P elements. Further sampling and analysis of flies from North America is clearly indicated.
Relationship between genomic P elements and P element-related phenotypes The idea of FP+KP predominance throughout much of the world implies that the large majority of functional type I repressor elements are full-size P elements and almost all type II repressor elements are KP elements in natural populations. KP elements were commonly seen among P, Q, and even M' strains in this and some previous studies. Thus, individual isofemale lines can present any degree of P transposition-inducing or -repressing abilities, whether or not KP elements exist in their genomes, as previously reported (Boussy et al., 1998; Bonnivard and Higuet, 1999; Itoh et al., 1999 Itoh et al., , 2001 . This seems to contradict the original observations of KP elements as specific to the genomes of M' (Black et al., 1987) or Q strains having biparentallytransmitted repression (Jackson et al., 1988) . Genomic KP elements may not have a direct or large influence on the phenotypes in the P-M system, although individual KP elements have been shown to have the potential of repressing transposase activity (Andrew and Gloor, 1995; Lee et al., 1996; Brookfield, 1996a) . Complete P elements, in contrast, are required as a source of transposase for P transposition induction. As previously pointed out by Rasmusson et al. (1990) and others, the total number of genomic P elements typically does not show any obvious relationship to P-M phenotypes. Likewise, the ratio of the copy number of full-size P and KP elements only partly explains P-M phenotypes (Itoh et al., 1999) .
An alternative explanation is that insertional position effects of P elements are more important in the determination of P element-related properties than the size classes and/or number of P elements in a genome (Misra et al., 1993; Andrew and Gloor, 1995; Bonnivard and Higuet, 1999; Itoh et al., 1999) . Positional differences in expression from the P element promoter are well known as the basis for enhancer trapping (Wilson et al., 1989) . In addition, associations of repression ability with P elements at specific sites have been reported (for instance, at position 1A on the X chromosome; Biémont et al., 1990) . The relationship between genomic P element composition and P element-related phenotypes in individual flies in natural populations remains somewhat ambiguous. A cloning of P elements from an M' strain is in progress to know the position where the full-size elements are silent and if the elements are really autonomous.
Population dynamics of KP elements The wide distribution of KP elements raises the question of their evolution. KP elements are thought to have a unique origin in the D. melanogaster genome by an internal deletion (808-2560) of a full-size element. Jackson et al. (1988) demonstrated that KP elements increased in copy number when accompanied by full-size elements in laboratory strains. They interpreted this to mean that individuals bearing larger numbers of KP elements were selected because the (type II) repressor ability of the KP elements reduced the harmful effects of P transposition induced by full-size elements. According to the invasion theory, it is most probable that KP elements increased their number in populations that had been already invaded by full-size P elements. Association of KP with full-size elements may support this scenario. However, this cannot completely explain why a majority of type II repressor elements are KP elements.
One alternative possibility regarding the very wide distribution of KP elements involves their selfishness as a transposon. For instance, KP elements may enjoy a transpositional advantage, thereby out-replicating P elements of other sizes. Or, they may be more resistant to DNA gap repair. This hypothesis derives from observations on Tam3 in Antirrhinum majus, which are extremely uniform in structure. The uniformity derives from avoiding the production of deletion derivatives, due to immunity to the gap repair system of the host (Yamashita et al., 1999) . If this is the case, KP elements do not necessarily need to contribute an advantage to individual flies.
Many theoretical studies have been carried out to evaluate P element evolution and population dynamics. Brookfield and Badge (1997) showed that the copy numbers of transposable elements can be controlled by selection, transposition rate, and production of functional heterogeneity in the family. A computer simulation study showed that autonomous and nonautonomous repressing P elements can coexist in a broad range of conditions (Brookfield, 1991 (Brookfield, , 1996b . Under the recent invasion hypothesis, Anxolabéhère (1997, 1998) suggested that different equilibrated states in P-M system can occur in natural populations and that the final state depends on the ability to repair damage by P transposition. However, the FP+KP predominance was not predicted by any theoretical model.
Better understanding will require more information about the repression function and possible transpositional advantage of KP elements, about P element repression in general, and about position effects on P elements. In addition, further careful monitoring of wild populations is required to know whether FP+KP predominance is a final equilibrium state of genomes of D. melanogaster in nature.
